Introduction
Toxic chemicals originated from manufacturing wastewaters are considered as a threat to human health and ecological systems [1] . Wastewaters from pesticide formulating and manufacturing plants are one of the main sources of pollution [2] . Depending on the technology implemented in a wastewater treatment plant (WWTP), the pesticide concentration in final effluents can reach 500 mg dm -3 [3] . The European Union adopted the Water Framework Directive (WFD) to secure water resources [4] . The maximum allowable discharge concentration of a single pesticide in wastewater is typically 0.05 mg dm -1 , but may vary depending on the region and country [5] .
Pesticide manufactures use different wastewater treatments to remove or destroy pesticide active ingredients in the wastewater. The treatment of these wastewaters includes a pretreatment step (emulsion breaking, membrane filtration, and settling) to remove carriers and additives such as petroleum hydrocarbons, surfactants, antifoams and wetting agents, and the main treatment (activated carbon adsorption, chemical oxidation, chemical precipitation, and hydrolysis) to remove active pesticide ingredients [6] . Many of these methods pose clear disadvantages, such as low removal efficiency of pollutants, high energy consumption, high cost, disposal issues due to large amount of sludge, etc. The studies conducted on full-scale plants [7] [8] [9] confirmed that the removal efficiencies of pesticides in WWTPs are insufficient.
Hence, there is an urgent need to develop more efficient technologies to reduce the current emissions of pesticides into aquatic environments.
Liquid membrane processes such as two-phase partitioning bioreactors, emulsion liquid membranes and supported liquid membranes can be a viable cost-effective alternative to biological treatment and solvent extraction for the removal and pre-concentration of micropollutants from wastewater [10] . The application of hollow-fibre membrane contactors (HFMC) for liquid phase membrane extraction (LPME) has been studied extensively. The main advantages of HF-LPME are high surface area per unit module volume (up to 500 m -1 ), large and stable interface under variable feed phase compositions and flow rates, no need for density differences leading to a greater choice of extraction solvents and a good opportunity for process automation [11] .
HFMCs have been widely used for the removal of metals [10] and hydrocarbons [12] [13] [14] [15] from wastewater. HF-LPME can be operated in a continuous flow mode or batchwise. If the specified degree of solute extraction cannot be achieved in a continuous flow HF-LPME process with a single pass of the feed stream through the contactor, the feed stream is recycled between the module and a mixed tank [16] [17] [18] .
In our previous study, a continuous flow HF-LPME was used to remove pesticides of different chemical classes (acetamiprid, dimethoate, imidacloprid, linuron, and tebufenozide) from aqueous solutions [19] . The pesticides polarity expressed in terms of the n-octanol-water partition coefficient (log P) was in the range of 0.46-4.38. The pesticide removal efficiency, R E , widely ranged from 6 to 95%, depending on the feed flow rate and the polarity of each pesticide. The mass transfer of low polar pesticides (log P ˃ 3) in HF-LPME system was controlled by their rate of diffusion in the aqueous feed stream [19] . The mass transfer of these pesticides strongly depended on the feed stream flow rate and consequently, the applied system delivered better performances when operated under higher feed flow rate. The mass transfer of more polar pesticides (log P < 1.5) was mainly affected by their low log P values and the impact of the feed flow rate on the mass transfer rate was limited. For low polar pesticides, high R E values were obtained in a continuous HF-LPME process, but for more polar pesticides, a continuous flow HF-LPME system was inefficient. The aim of this study is to investigate the removal of pesticides from pure aqueous solutions and synthetic wastewater samples consisting of a mixture of pesticides of different polarities using HF-LPME with recycling feed stream.
Experimental

Materials
The pesticides investigated in this work were acetamiprid (ACE, N-[(6-chloro-3- 
Experimental setup and procedure
A HFMC consisted of a cylindrical glass tube packed with 50 parallel HFs, glued together with epoxy resin at both ends. The effective length of each HF was 12.5 cm, the total effective inner surface area of the membrane was 15.4 cm 2 and the volume of the organic phase entrapped in the membrane pores, V0 was 0.52 cm 3 [20] .
The experimental setup shown in Figure 1 The HPLC analysis of the samples was performed using Agilent 1100 liquid chromatograph (USA) with Zorbax XDB-C18 column (4.6 mm × 250 mm, 3.5 μm particle size) and DAD detector at 254 nm. The flow rate was 0.7 cm 3 min -1 and an aliquot of 20 µl of the sample was injected into HPLC system. The mobile phase was a mixture of methanol (A) and deionized water (B) and the following gradient profile was run: 0.0 min 43% A and 57%
B, then 7 min 70% A and 30% B, and 20 min the initial composition. The system was controlled by the Chemstation software.
Results and discussion
Five pesticides (ACE, DIM, IMI, LIN and TEB) were selected based on their significantly different chemical structure and physicochemical properties: ACE and IMI are neonicotinoids, DIM is an organophoshate, LIN is a substituted phenylurea, and TEB is a diacylhydrazine derivative. They are all insecticides, except LIN which is a herbicide. The selected pesticides can be divided into three groups based on their polarity: low polar pesticides, log P ˃ 2 (LIN and TEB with log P of 3.12 and 4.38), moderately polar, 2 ˃ log P ˃ 1 (DIM with log P of 1.37) and polar pesticides, log P < 1 (IMI and ACE with log P of 0.56 and 0.8). They all exist in uncharged form over a wide pH range (2-9), since they are either very week acids or very week bases [21] . The composition of organic phase was found to significantly affect the removal efficiency of pesticides from the aqueous phase [21] . TOPO agent is able to form hydrogen-bound complexes with various solutes due to a lone pair of electrons on the oxygen atom, which can enhance the extraction of polar pesticides. The liquid membrane used in this work was 5% TOPO in DHE, selected for its ability to simultaneously extract various pesticides from the feed stream [19, 21] .
The influence of feed flow rate on the process performances
In Figure 2 , the pesticide concentrations in the feed reservoir at any time t ( [19] . On the other hand, the maximum removal efficiency of TEB in feed recycling and single-pass mode was nearly the same (95 and 96%), indicating that the extraction of TEB was dominated by partitioning and the effect of hydrodynamic conditions was limited.
Figure 3.
The maximum removal efficiency of the pesticides as a function of feed flow rate:
Overall mass transfer coefficient
The mass transfer of a pesticide through liquid membrane consists of diffusion from a bulk of the aqueous feed phase to the membrane interface, partitioning between the organic and aqueous phase, diffusion through the organic phase entrapped within the membrane pores, and diffusion into the acceptor phase. In our previous work [19] , the stripping of the pesticides in the acceptor phase was found to be less than 3%. The accumulation of low polar compounds such as LIN and TEB in the organic phase derives from their high partition coefficients, resulting in a high loading capacity of the organic phase for low polar pesticides.
Therefore, diffusion in the acceptor phase can be neglected and the overall mass-transfer resistance, F R is a sum of the resistances of the feed phase and the organic phase: 
where F V is the total volume of the feed and i A is the effective inner surface area of the membrane. Eq. (2) is a simplified form of the general solution [20] , which is valid for high partition coefficients of the solutes. Table S1 . Two different modes of operation (feed recirculation and continuous feed) were compared using the overall mass transfer coefficient calculated in the present study and our previous work [19] . A significant increase in F K was obtained for polar pesticides at all F Q values. In the case of low polar pesticides (TEB and LIN), an increase in F K for both pesticides was observed only at F Q = 1.8 ml min -1 (Table 1) . Table 1 . Comparison of the overall mass transfer coefficients for the extraction of targeted pesticides in a continuous flow [19] and feed recirculation mode of operation. 
Removal of pesticides from manufacturing wastewater sample
Wastewaters from the pesticide manufacturing processes usually arise from the cleaning of equipment and process areas and contain active ingredients and various adjuvants. Although the amount of wastewater streams arising from the cleaning of equipment is limited, the regulatory limits for pesticide residues in these waters are typically very low, which means that a LPME under recirculation mode offering high removal efficiencies of pesticides at low water throughputs may be worthwhile. Figure 6 shows the removal efficiencies of the investigated pesticides from a simulated pesticide wastewater, which was prepared by diluting a mixture of commercial formulations with tap water. The removal efficiencies from the mixture of commercial formulations were similar to those from pure pesticide solutions ( Figure 3 ). Since The removal efficiency should be at least 99.75% to reduce the level of each pesticide from 20 to 0.05 mg dm -3 , which is the maximum allowable concentration of a single pesticide in the wastewater before discharge [5] . At the maximum feed flow rate used in this study, max R, E ranged from 86% for polar pesticides to 96% for low polar pesticides, which was insufficient to reduce the pesticide concentrations to 0.05 mg dm -3 . The efficiency of extraction of solutes from aqueous solutions in a HFMC process can be improved using two contactors in series, operated in such a way that a depleted aqueous phase from the first contactor is sent to the second contactor for further extraction [22] . The same extraction efficiency can be achieved in each stage if the same contact area is used in each contactor. Therefore, using several contactors in series, it is possible to decrease the pesticide concentration in the effluent stream to any level that may be required. Although a poor back-extraction of the pesticides is the main deficiency of the proposed HF-LPME process, it can be used to highly concentrate pesticides into the organic phase. The pesticides can be then effectively (˃ 95%) removed from the organic phase with methanol.
Conclusions
We have developed a simple and efficient method for the removal of pesticides from wastewater streams based on liquid phase membrane extraction in a hollow fibre contactor with feed-stream recycle. The removal efficiency of the selected pesticides strongly depended on their polarity, feed flow rate and operation mode. The removal of polar and moderately polar pesticides was significantly improved by recycling the feed stream between the contactor and a mixed reservoir compared to single-pass operation. At the feed flow rate of 1.8 cm 3 min -1 , the concentration of low polar pesticide TEB was reduced to 4% of its initial value after 40 min. The polar pesticides (ACE and IMI) are less soluble in the organic phase resulting in the maximum removal efficiency of 86% at 1.8 cmlow polar pesticides. The removal efficiencies of the same pesticides from commercial formulations were similar to those from pure pesticide solutions, indicating that built-in adjuvants added to the commercial preparations did not affect the pesticide extraction process.
The throughput and efficiency of the investigated liquid phase membrane extraction process can be improved by increasing of back-extraction of the targeted pesticides and using full-scale industrial contactors connected in series or parallel. The effect of addition of ionic liquids in acceptor phase on back-extraction will be investigated. 
Symbols
Ai
